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CLIMATE MODEL VALIDATION IN THE EURO-ATLANTIC DOMAIN USING CIRCULATION TYPES 
Abstract 
In the present study the mid-tropospheric circulation of the re-ana\ysis produced by the European Centre for 
Medium-Range Weather Forecasts and of three clirnate rnodels from the Third Assessment Report (TAR) of the 
Intergovernmental Panel on Climate Change (IPCC,2001) has been analyzed. The ana\ysis is based on a 
circulation-type approach, with principal component analysis in T-mode, fo\\owed by a rotation varimax procedure. 
This study has been performed over the Euro-Atlantic region and for the extended winter season. 
A set of circu\ation types obtained has been identified and described in terms of their spatial features, frequency 
of occurrence, persistence, trends and transitions. The inter-annua\ variation of the circulation types is very high. 
The \ess frequent circulation type is connected with tilted ridges approaching Iberia whereas the most frequent 
ones are linked to the zonal regime or ridges from Iberia to Scandinavia. 
The response of the atmospheric circulation when considering a future scenario, (IPCC SRES A2) is, in general, 
model dependent, showing a different behaviour with respect to the control simulation, especially as far as the 
number of 1-day events and the mean duration is considered. There are preferred paths for transitions between 
specific circulation types, especially the transition from a ridge stretching from Iberia to Scandinavia toa strong 
zonal flow. 
It is conc\uded that the circulation types approach is a useful too\ to validate climate models. 
iv 
INTRODUCTION 
l. INTRODUCTION 
The reliable simulation of continental-scale circulation by global circulation models (GCMs) is a necessary, 
though by far not sufficient, condition for assessing climate change impacts successfully. Although the location 
of major centres of action appears to be simulated relatively well by most models (GATEs et al., 1990), GCMs 
are less successful in reproducing the correct position of the storm tracks and of persistent anomalies. The 
storm tracks are shifted southwards in most simulations, especially in the European eastern parts where their 
northwest tilt is not captured (CHEN and VAN DEN DOOL, 1995; DÉQUÉ and PIEDELIEVRE, 1995; MURPHY, 1995). Most 
regions of preferred occurrence of persistent anomalies are located correctly in the models, although the 
GCM-produced anomalies are less frequent and tend to be more persistent (BATES and MEEHL, 1986; BLACKMON 
et al., 1984, CHEN and VAN DEN DooL, 1995). 
The large-scale circulation of the atmosphere in the extra-tropical regions can be described by the alternation 
of circulation types (CTs, henceforth), also known as weather regimes. These weather or climate, regimes are 
important factors in determining climate at various locations around the world and they can have a large 
impact on day-to-day variability (e. g. PLAUT and SIMMONET, 2001; TRIGO et al., 2004; Ywu and NoGAJ, 2004). 
GCMs have been found to simulate hemispheric climate regimes quite similar to those found in observations 
(RoBERTSON, 2001; AcHATZ and ÜPSTEEGH, 2003; SELTEN and BRANSTATOR, 2004). Simulated regional climate regimes 
over the North Atlantic strongly similar to the observed regimes were reported by CAssou et al., (2004). Since 
the Third Assessment Report (TAR) of the IPCC, agreement between different studies has irnproved regarding 
the number and structure of both hemispheric and sectoral atmospheric regimes, but the statistical significance 
of the regimes has been discussed and remains an unresolved issue (e. g. STEPHENSON et al., 2004; MoLTENI et 
al., 2006). 
Changes in the properties of the CTs are an important topic for the characterization of the variability of both 
observed climate and climate simulations. For instance, the identification of CTs associated with climate 
extreme events is expected to become increasingly important to determine the possible changes of climate 
extremes induced by the enhanced greenhouse effect (SÁNCHEZ GóMEZ and TERRAY, 2005). In this preliminary 
study we will focus on the main characteristics of the CTs and how their features would change under 
perturbed climate conditions. The latter could be important from a climate impact perspective. 
CTs have been usually characterized by different subjective and objective classification methods. The subjective 
methods (LAMB, 1950) have been based on visual interpretation of the surface synoptic maps and show serious 
drawbacks, like the dependence of the assignment of a map to a particular pattern. In contrast, objective 
methods try to classify a set of maps using statistical techniques. HurH (1996) distinguished among four types 
of objective methods using correlations (LuNo, 1963), sums of squares (KIRCHHOFER, 1973) as cost function, 
cluster analysis (KEY and CRANE, 1986; KmsoN, 1994) and finally analysis based on eigentechniques (RICHMAN, 
1986). He found, in agreement with JIANG et al. (2006), that no method was indisputably superior. 
CoMPAGNucci and SALLES (1997) used principal component analysis (PCA) to obtain CTs of daily July pressure 
fields over South America that were in good agreement with the types empirically identified by weather 
forecasters, enhancing the relevance of the human component. RicHMAN (1986) employed different PCA-based 
techniques (in particular, PCA followed by either orthogonal or oblique rotation of the eigenvectors) to support 
the use of rotated solutions. BARTZOKAS and METAXAS (1996) also employed rotated PCA to avoid sorne drawbacks 
of the PCA. In spite of the benefits of rotation in PCA-based classifications, CoMPAGNucci and SALLES ( 1997) 
showed that sound classifications could also be obtained without rotation. KYSEL'Í and HuTH (2006) advocated, 
for the first time, the use of both objective and subjective classifications as complementary methods and, in 
fact, a growing body of opinion seems to support this point of view. In summary, experience suggests that 
it is up to the scientist to select, based mainly on experience and collaboration with synopticians, the most 
appropriate method according to the target of the study. 
In the past, a large number of studies focused mainly on changes in frequencies of the Euro-Atlantic CTs: 
SLoNosKY et al. (2000) applying an EOF analysis revealed that the most important circulation regimes are the 
zonal and blocking/cyclonic flows in the eastern Atlantic and western Europe; PLAUT and SIMMONET (2001) found 
four 500-hPa regimes, Atlantic Ridge, Blocking, Greenland anticyclone, Greenwich Trough and Zonal with 
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interannual variability. Comparatively, few studies have focused on changes in the mean lifetime of the CTs. 
Recently, KvsELY and DoMON KOS (2006, KD henceforth) analyzed the Hess-Brezowsky (HB) classification (1952) 
of Grosswetterlagen over Europe since 1881 and noticed a sharp increase in the mean lifetime of the 
circulation patterns from the 1970s to the late 1980s for all seasons. WERNER et al. (2000) were the first ones 
to identify the decade 1981-1990 as the onset of a shift in the Euro-Atlantic CTs on the basis of a change 
in mean lifetime of the west CT from the HB catalogue. KvsELY and HuTH (2006) also found an increase around 
1990 in the mean lifetime of atmospheric circulation in winter for all groups of their objectively defined CTs, 
although this increase was not as noticeable as for the HB CTs. This recent enhanced persistence of the 
atmospheric circulation may have also supported the more frequent occurrence of temperature and other 
climatic extremes in Europe recently and seems to be consistent with sorne climate change projections. It must 
also be taken into account that atmospheric blocking is a dynamical feature with major consequences for 
European climate (DoBLAs-REYES et al., 2002) and it is likely that the mean duration of certain CTs could be 
influenced by the extraordinary persistence of blocking events. 
The studies concerned with simulations of the response of atmospheric circulation to increasing concentrations 
of greenhouse gases indicate that the enhanced greenhouse effect will lead to a slight northward shift of the 
midlatitude westerlies, while the change in their intensity is indeterminate. Both reduction and intensification 
are produced by different GCMs (BATES and MEEHL, 1986; MncHELL et al., 1990). There are also indications of 
decreasing intensity of meridional circulation and of reduction in the number of extratropical cyclones (LAMBERT, 
1995; CARNELL et al., 1996). The predicted changes in circulation of smaller than global scales are less reliable 
and more model-dependent (KwsoN and WAmRsoN, 1995). Their unambiguous interpretation is difficult, especially 
when the strong response of a model appears in regions where its performance is poor. 
BRANDE RFELT and KALLEN (2004) studying the response of the Southern Hemisphere circulation to an enhanced 
radiative greenhouse gas (GHG) forcing, have found that the spatial pattern of the leading mode of variability, 
the so-called Pacific-South American mode (Mo and GH IL, 1987) changed in response to the enhanced GHG 
forcing in a transient integration with a coupled global climate model (CGCM). This change is associated with 
changes in the propagation conditions for barotropic Rossby waves. Nevertheless, BRANDERFELT (2006), in the 
similar study for the Northern Hemisphere, found that the spatial patterns change in response to the enhanced 
forcing but the propagation conditions are unchanged. 
The aim of this paper is twofold. Firstly, to provide an objective synoptic clima tic classification of wintertime 
mid-tropospheric atmospheric circulation over the Euro-Atlantic doma in, focusing on the estimates of frequency, 
mean lifetime, persistence and transitions using re-analysis data and simulations of present climate. As a 
second objective, the paper analyses the CTs obtained for perturbed climate simulations (2071-2100) under 
IPCC SRES A2 scenario. The text is organized as follows. The description of the datasets can be found in 
Section 2, the analysis of mean and standard deviation patterns in Section 3. The methodology is presented 
in Section 4. In Section S the ZSOO CTs are analyzed in terms of their spatial structure (position and intensity 
of ridges and troughs) and temporal structure (frequency of occurrence and persistence). Special emphasis 
has been put on the analysis of persistence, which can be expressed in terms of the mean duration of events, 
defining an event as an uninterrupted sequence of days classified with one type, preceded and succeeded by 
days classified with another type. Sections 6 and 7 focus on trends and transitions of CTs respectively. 
Conclusions are summarized in Section 8. Annex I contains the figures and Annex II the tables. 
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2. DESCRIPTIOI\J OF DATASETS 
Gridded (on a 2.5° x 2.5° degree latitude-longitude regular grid) daily 500-hPa geopotential height from the 
following datasets have been used: 
a) Re-analysis produced at the European Centre for Medium-Range Weather Forecasts (ERA40 henceforth; 
UPPALA et al., 2005). 
b) A simulation m a de with the second version of the Canadian Centre for Climate Modell ing and Analysis 
(CCCma) Coupled Global Climate Model (CGCM2 henceforth), which is based on the earl ier CGCM1 but 
with some improvements aimed at addressing shortcomings identified in the fi rst version. A description 
of CGCM2 can be found in FLATO et al. (2000). The atmospheric component of the model is essentially 
AGCM2 described by McFARLANE et al. (1992). It is a spectral model with triangular truncation at wave 
number 32 (yielding a surface grid resolution of roughly 3.70 x 3. 7°) and 10 vertical levels. 
e) A simulation of the ECHAM climate model has been developed from the ECMWF atmospheric model 
(therefore the first part of its name, EC) and a comprehensive parameterisation package developed in 
Hamburg (therefore the abbreviation HAM), which allows the model to be used for climate simulations. 
The model is a spectral model with 19 atmospheric layers and the results used here derive from 
experiments performed with spatial resolution T42, which approximates to about 2.8o longitude/latitude 
resolution (RoECKNER et al., 1992; and RoECKNER et al., 1996). 
d) A run of the third version of the model developed at the Hadley Centre (HADCM3 henceforth) and 
described by GoRooN et al. (1999). The atmospheric component of the model has 19 levels with a 
horizontal resolution of 2.5 degrees of latitude by 3. 75 degrees of longitude, wh ich produces a global 
grid of 96 x 73 grid cells (comparable to a spectral resolution of T42). 
Data from the following two periods have been considered: 
1) For the present cl imate, 1961-1990 for ERA40, CGCM2 and ECHAM4; 1961-1989 for HADCM3. 
2) For the climate projections : 2071-2100 for CGCM2 and ECHAM4, and 2071-2089 for HADCM3. The 
Intergovernamental Panel on Climate Change (IPCC) published a Special Report on Emissions Scenarios 
(SRES) in 2000. This report describes the new set of emission scenarios used in the Third Assessment 
Report. In this study the SRES A2 scenario has been considered. SRES A2 scenario describes a very 
heterogeneous world, economic development is primari ly regional ly oriented and per capita economic 
growth and technological change is more fragmented and slower than in other storylines. The A2 uses 
data from an ensemble of three 111-year simulations using the provisional IPCC SRES A2 GHG and 
aerosol forcing scenario. 
The study has been carried out for the extended winter season December-to-March (DJFM), which shows the 
largest variability over the extra-tropical Northern Hemisphere. The spatial domain considered is the Euro-
Atlantic region, which extends from 250N to 700N and from 45°W to 500E. All models have been interpolated 
to a common grid, (2.50 x 2.50) of 741 grid points (39 in longitude and 19 in latitude). In the following, each 
winter is referred to with the year of the month of January included in the season. 
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3. MEAN AND STANDARD DEVIATION PATIERNS 
Befo re proceeding to a detailed comparison between the simulated and the observed circulation ( depicted in 
the re-analysis) results, it is useful to get an overall description of the 500 hPa mean and standard deviation 
(STD, henceforth) patterns (see Figures 1 and 2). In general, the control run simulated mean shows a very 
good agreement with respect to the re-analysis, whereas the simulated standard deviation tends to underestimate 
mainly in the northern area. The HADCM3 is the only one model which reproduces quite well the north Atlantic 
maximum of the re-analysis. 
For the period 1961-1990, and taking the isoline of 5 760 m as reference, the mean pattern of CGCM2 shifts 
to southern latitudes the isoline of 5 760 m, meanwhile the STD pattern considerably underestimates the 
variability in northern areas. In ECHAM4 the 5 760 m isoline is shifted northwards and does not present the 
maximum of variability over Great Britain. The HADCM3 model is remarkably good at reproducing especially 
wel l the North Atlantic circulation features. 
For the period 2071-2100, all the simulations shift northwards the 5 760 m isoline showing a more zonal 
behaviour which persists the variability underestimation with respect to the re-analysis. This underestimation 
of the variance might be attributed to sorne deficiencies in the treatment of physical processes in the GCMs, 
as mentioned by CHEN and VAN DEN DooL (1995), it is a well-known deficiency of most GCM simulations. 
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ERA40 1961_1990 OJFIVI MEAN ERA40 1961 1990 DJFM STO 
CGCM2 1961 1990 OJFM MEAN CGCM2 1961 1990 OJFM STO 
ECHAM4 1961 1990 OJFM STO ECHAM41961_1990 DJFM MEAN 
4lJ 0 W 20°W Q• ~ 20°E zo•e 4Q • E 4Q•W zo•w o• 
6o·N 
4Q • N 
HADCM31961 1989 D . .JFM MEAN HAOCM31961_1989 O .. IFM STO 
Figure 1. 500 hPa mean (left) and interannual standard deviation (right) for ERA40, CGCM2, ECHAM4 and HADCM3. 
Contours in metres. 
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CGCM2 2071_21 00 OJFM MEAN CGCM2 2071 2100 DJFM STO 
ECHAI\/14 2071_21 00 OJFM MEAN ECHAM4 2071_2100 DJFM STO 
HAOCM3 2071_2099 OJFM MEAN HADCM3 2071_2099 OJFM STO 
40'W 20 ' W o· 20'E 40'E 40'W 20'W o• 20•E 40'E 
Figure 2. 500 hPa mean (left) and interannual standard deviation (right) for CGCM2, ECHAM4 and HADCM3. Contours in 
metres. 
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4. METHODOLOGY 
The classification starts with a PCA, i. e. Z = FAr, where Z is the input data matrix (N x nL F is the principal 
component (PC) score matrix (N x n) and A is the loading matrix (n x n), N being the number of observations 
and n the number of variables. The loadings, or empirical orthogonal functions (EOFs}¡ are eigenvectors of 
a similarity matrix ( covariance or correlation) S= (N -1)'1 zr Z, scaled by the square root of the corresponding 
eigenvalues. The eigenvalues are the variance explained by each PC. Typically, many of the n dimensions of 
A represent mostly noise and are discarded based on some eigenvalue selection rules. The retained r eigenvectors 
produce a reduced matrix so F' (N x r) while A becomes A' (n x r) (RrcHMAN, 1986; 1999). 
The input data matrix Z can be specified in several ways, depending on which magnitudes are treated as 
variables and observations. Two possibilities are commonly used for a meteorological field; either the grid point 
values are referred to as variables and the time steps as observations, which is known as 5-mode; or the 
time steps as variables and the grid points as observations in the so-called T-mode. While the 5-mode isolates 
groups of grid points varying similarly in time, the 
T-mode isolates groups of time steps with similar spatial 24 ,--,---.-.-.--.-.-.--.-.--.---, 
patterns. In this study we have applied the T-mode to 
obtain the CTs. We constructed Z from the winter 
unfiltered ZSOO daily anomalies and carried out the 
PCA using a covariance matrix. 
A shortcoming of the PCA is that the eigenvectors are 
mathematical constructions constrained by their mutual 
orthogonality and the maximization of variance over 
the entire analysis domain so that no link to physical 
entities is guaranteed. The use of PCA can force the 
analysis to merge or blend patterns that would be 
otherwise independent (RICHMAN, 1986). An alternative 
to reduce the effect of this drawback consists in rotating 
the empirical orthogonal functions and the corresponding 
PCs. The varimax orthogonal rotation (RICHMAN, 1986), 
which is the most widely used rotation technique with 
statistically stable patterns (CHENG and DuNKERTON, 1995), 
has been USed. Following VON 5TORCH and ZWIERS (1999), 
the PCs were previously renormalized to have unit 
variance to keep them uncorrelated after rotation. The 
classification was carried out for both rotated and 
unrotated solutions, obtaining very similar CTs in both 
cases. 
To determine the number r of PCs, a log-eigenvalue 
versus PC number (LEV) diagram was used (Figure 3). 
This diagram shows the log-eigenvalues for each PC in 
decreasing order. The number r is chosen as the number 
of log-eigenvalues which lie above the leftward 
extrapolation of the straight-line portian on its right 
hand si de (WILKs, 2006). Figure 3 suggests a cut at the 
fourth eigenvalue. This choice is not unambiguous, so 
the impact of r have been studied examining the CTs 
obtained for different values of r. Tests were carried out 
with r ranging from 4 to 9. It can be concluded that the 
eight CTs obtained for r= 4 are very similar to the first 
eight CTs obtained for all the other values of r. 
23 
20 
19 1~-7------;-----c~-1;-----;';11--;1;';-3 ~15;;--'*17----,1;';;-9 -,/2';-1 ----;/23 
PC number 
Figure 3. Log-eigenvalue versus principal component rank 
of the principal component analysis of the ERA40 500 hPa 
geopotential height dataset. 
l _ 1961-1990 
.. . ~ 
2071-2100 
ERA40 65.5 
CGCM2 66.4 66.4 
ECHAM4 65.9 67.3 
HADCM3 63.3 62.8 
Table 1. Percentage of variance explained by the four 
leading rotated PCs considered . 
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The cumulative percentage of variance explained by the four leading rotated PCs is shown in Table l. This 
table shows that except for HADCM3 all simulations overestimate the percentage of variance. 
As the loadings may be either positive or negative, twice as many CTs as PCs can be obtained. In the case 
dealt with here, eight CTs are provided by the four rotated PCs. We have considered the CTs as the composites 
of the maps that are assigned to each CT. 
The T-mode PCA approach results in score patterns describing frequently occurring maps. The loadings indicate 
how much a pattern explains a specific map, allowing the identification of time periods when the maps are 
similar in a statistical sense to specific patterns (HurH, 1997) . The degree of similarity of a circulation pattern 
to a CT is expressed by the corresponding loading, the higher the loading (in an absolute sense) the greater 
the similarity. Therefore, each day 's pattern is classified according to its highest loading (in the absolute 
sense). 
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5. CIRCULATION TYPES 
5.1. 1961-1990 
In this section CTs are analyzed taken into account frequency of occurrence, mean persistence and characteristics 
of duration of events. 
The corresponding CTs composites for ERA40 are depicted in Figure 4 and a brief description of them can be 
found in Table a. There are common features of this classification with other classifications performed over 
the European region by different authors. Four of the CTs obtained closely resemble the four NCEP Z500 
regí mes identified by Yrou and NoGAl (2004) using the clustering technique described in MrcHELANGELI et al. 
(1995). Their regime "positive NAO" compares with ERA40_1, the "negative NAO" with the ERA40_6, the 
"Scandinavian blocking" with ERA40_3, and the "Atlantic ridge" with ERA40_ 4. However, Yrou and NoGAl (2004) 
only considered four weather regimes, which makes impossible to match our eight CTs with their classification. 
Our results also compared well with the weather types identified by HurH (1996, 2000) and with the HB-based 
objective classification published by JAMES (2007). For instance, the Cyclonic Westerly, Cyclonic Northerly, 
Icelandic High and Anticyclonic North Westerly are similar to the CTs ERA40_8, ERA40_ 4, ERA40_6, and 
ERA40_3, respectively. 
With respect to the frequencies of occurrence, the maximum frequency corresponds to 15.29% (ERA40_1) and 
the mínimum to 11.21% (ERA40_8) (see Table 2 in Annex II). The range of variation of the mean persistence 
varíes between 2.44 days of ERA40_5 and the 3.88 days of ERA40_6 (see Table 3 in Annex II). As it can 
be observed, the most frequent type is not the most persistent type although it is ranked in the second 
position. Comparing with the CTs composites (see Figure 4), it seems that the less frequent types are 
connected with tilted ridges (~IE-SW) approaching Iberia whereas the most frequent types are linked to ridges 
over the British Isles and Iceland. 
Analysing Table 4, in Annex II, the mean duration is 3.16 days, the percentage of time spent in the events 
lasting four or more days is 62.34%, and the number of 1-day events is 399. Looking at Figure 8, in 
Annex l.l, events equal or longer than 15 days are registered, being the longest event of 17 days of duration 
(ERA40_6 and ERA40_7). 
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ERA40_1 (555 days) ERA40_2 (426 days) 
-40"W 20'W ,.,., 40"E >O'W o• 20'E 40"E 
60"N 60"N 
40"N 40"N 
40'W 20'W 20"f 40'E 
ERA40_3 (513 days) ERA40_ 4 (483 days) 
ERA40_5 (410 days) ERA40_6 (404 days) 
WN 
""" 
40'N WN 
ERA40_7 (432 days) ERA40_8 (407 days) 
5160 5280 5400 5520 5640 5760 
Figure 4. Circulation Types for the classification of the ERA40 500 hPa geopotential height o ver the period DJFM 1961-1990. 
Contour interval 60 mgp. 
1 ~ . . c;Ts (days) 
ERA40_1 (555) 
ERA40_2 (426) 
ERA40_3 (513) 
ERA40_ 4 (483) 
ERA40_5 (410) 
ERA40_6 ( 404) 
ERA40_7 (432) 
ERA40_8 (407) 
Description 
Zonal flow 
Euro-Atlantic blocking with centre over British Isles 
Scandinavian blocking 
Atlantic ridge as an extension of the Azores anticyclone 
Ridge tilted from the southeast Atlantic to the central Europe 
Ridge over the British lsles and Iceland 
Ridge with axis from IP to Scandinavia 
Atlantic ridge with axis south of Iceland 
Table a. Description of the ERA40 CTs. In parenthesis the total number of days 
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Figure 5. Circulation Types for the classification of the CGCM2 500 hPa geopotential height over the period DJFM 1961-1990. 
Contour interval 60 mgp. 
CTs (days) 
CGCM2_1 (703) 
CGCM2_2 (653) 
CGCM2_3 (470) 
CGCM2_ 4 (411) 
CGCM2_5 (348) 
CGCM2_6 (406) 
CGCM2_7 (301) 
CGCM2_8 (338) 
Strong zonal flow 
Scandinavian blocking 
Description 
Zonal flow over the Atlantic and a ridge eastern Mediterranean 
Ridge centred over British Isles 
Ridge tilted from Canary Islands to Denmark 
NW flow over IP, diffluence over eastern Mediterranean 
Ridge tilted from the southeast Atlantic to the central Europe 
Zonal flow south of British Isles 
Table b. Description of the CGCM2 CTs for 1961-1990. In parenthesis the total number of days. 
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CLIMATE MODEL VALIDATION IN THE EURO-ATLANTIC DOMAIN USING CIRCULATION TYPES 
The corresponding CTs composites for CGCM2 (1961-1990) are depicted in Figure S and a brief description 
of them can be found in Table b. 
As a general rule, the CGCM2 circulation types as compared to ERA40 (Figure 4) tend to exhibit more zonality, 
the ridges and troughs are much weaker. Euro-Atlantic blocking type (ERA40_2) and Atlantic ridge with axis 
south of Iceland (ERA40_8) are absent. The CGCM2_6, NW flow over Iberia, does not show similarity with 
the CTs presented in ERA40. These features might provide some evidence of the weakening of meridional 
circulation as it was also noted by Huth (1996) with the UKMO model and might be connected with the 
features shown in the mean and standard deviation patterns, where the corresponding to CGCM2 simulation 
shows more zonality. 
CGCM2 CTs relative frequency of occurrence shows more differences among the types comparing with ERA40, 
oscillating between 19.37% (CGCM2_1) and 8.29% (CGCM2_7) (see Table 2 in Annex II). The less frequent 
type is connected with tilted ridges (NE-SW) approaching Iberia, as observed in ERA40, whereas the most 
frequent types is linked to zonal flow. 
The range of variation of the mean persistence is larger than for ERA40 oscillating between 5.14 days 
(CGCM2_2) and 2.37 days (CGCM2_7) (see Table 3 in Annex II). 
The circulation in the CGCM2 model is more persistent than the re-analysis (se e Table 3). The mean duration 
is 3.61 days and the percentage of time spent in the events equal or longer than 4 days is 68.43% (see Table 
4 in Annex II) . It is worth mentioning that this is the most persistent simulation: 7 events longer than 18 
days, being the longest event of 33 days of duration (CGCM2_1, see Figure 9 in Annex I.l). These features 
agree satisfactorily with the fact that CGCM2 has a smaller number of 1-day events. 
The corresponding CTs composites for ECHAM4 ( 1961-1990) are depicted in Figure 6 and a brief description 
of them can be found in Table c. 
As a general rule, the ECHAM4 circulation types show more 500 hPa geopotential gradient when comparing 
with ERA40 and with the CGCM2 circulation types respectively. Although the Euro-Atlantic blocking with centre 
over the British Isles (ERA40_2) is absent, there is a circulation type (ECHAM4_8) which can be treated as 
a blocking-ridge, and the Atlantic ridge with axis south of Iceland (ECHAM4_5) is much stronger than the 
corresponding ERA40_8 circulation type . Regarding the CGCM2 circulation types, the type connected with NW 
flow over Iberia is also present (ECHAI'-14_7) but reinforced. More number of Atlantic ridges are observed than 
in ERA40. 
The range of variation of the relative frequencies of occurrence (see Table 2 in Annex II) is smaller than in 
the CGCM2 simulation, oscillating between 15.42% (ECHAM4_1) and 10.28% (ECHAM4_7). The higher 
frequencies are linked to strong ridges in the Atlantic, south or west of the British Isles. The range of the 
mean persistence days varies between the 2.92 days of ECHAM4_8 and the 4 days of ECHAM4_6 (see Table 
3 in Annex JI). As in ERA40 the most frequent CT is not the most persistent one. 
Table 4 shows that the number of 1-day events is 306, smaller than the corresponding to ERA40 and a mean 
duration of 3.36 days (see Table 4 in Annex II) . ECHAM4 simulation has 6 events equal or longer than 15 
days, being the longest one of 22 days (ECHAM4_6) as it is seen in Figure 10, in Annex I.l. 
12 
CIRCULATION TYPES 
ECHAM4_1 (555 days) ECHAM4_2 (378 days) 
lO' N 
.... 
<lO"W 20'W 20'E •o· e <O' W 20"W ,., .. .... 
ECHAM4_3 (455 days) ECHAM4_ 4 (394 days) 
OO' N 
40"N 
ww w w o• ,. . .... 40"W 20'W o· ,. . .... 
ECHAM4_5 (519 days) ECHAM4_6 (552 days) 
oo·N 
<O' N 
40' W 20'W o· 20'E .... .,.w 20"W o• ,. . .. .. 
ECHAM4_7 (370 days) ECAHM4_8 (377 days) 
lO' N 
.... 
5160 5280 5400 5520 5640 5760 
Figure 6. Circulation Types for the classification of the ECHAM4 500 hPa geopotential height over the period DJFM 
1961-1990. Contour interval 60 mgp. 
1 CT!i (days) 
ECHAM4_1 (555) 
ECHAM4_2 (378) 
ECHAM4_3 (455) 
ECHAM4_ 4 (394) 
ECHAM4_5 (519) 
ECHAM4_6 (552) 
ECHAM4_7 (370) 
ECHAM4_8 (377) 
Description 
Strong Atlantic ridge centred southern British Isles 
Atlantic ridge centred between Iceland and the British Isles 
Ridge tilted from the southeast Atlantic to Bothnian Gulf 
Strong zonal flow south of the British Isles. Trough over Finland 
Strong Atlantic ridge as an extension of the Azores anticyclone 
Ridge over central and eastern Europe 
Weak trough over Norwegian Sea. NW flow over IP 
Strong ridge centred over the British Isles 
Table c. Description of the ECHAM4 CTs for 1961-1990 . In parenthesis the total number of days. 
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HADCM3_1 (496 days) HADCM3_2 (409 days) 
HADCM3_3 (380 days) HADCM3_ 4 (422 days) 
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Figure 7. Circulation Types for the classification of the HADCM3 500 hPa geopotential height over the period DJFM 
1961-1989. Contour interval 60 mgp. 
1 
CTs (days) 
HADCM3_1 ( 496) 
HADCM3_2 (409) 
HADCM3_3 (380) 
HADCM3_ 4 (422) 
HADCM3_5 (455) 
HADCM3_6 (420) 
HADCM3_7 (344) 
HADCM3_8 (554) 
oescription 
Scandinavian blocking 
Atlantic ridge as an extension of the Azores anticyclone 
Zonal flow 
Atlantic ridge centred over the British Isles 
Ridge with axis from IP to Scandinavia 
Atlantic ridge with axis west-southwest of Iceland 
Ridge tilted from the southeast Atlantic to the central Europe 
Ridge over the British Isles and Iceland 
Table d. Description of the HADCM3 CTs for 1961-1989. In parenthesis the total number of days. 
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The corresponding CTs composites for HADCM3 (1961-1989) are depicted in Figure 7 anda brief description 
of them can be found in Table d. 
HADCM3 CTs shows more similitude with the ERA40 ones than the other two climate simulations. 
The range of variation of the relative frequencies of occurrence of the HADCM3 varies from 15.92% (HADCM3_8) 
to 9.89% (HADCM3_7) (see Table 2 in Annex II). The less frequent situation is linked to tilted ridges near 
Iberia and the most frequent is related with zonal flow as it occurs in ERA40 and the other simulations. A 
coincidence is detected between the (most/less) frequent type and the (most/less) persistent type. The range 
of the mean persistence varies between the 2.51 days of HADCM3_7 and the 3.30 days of HADCM3_8 (see 
Table 3 in Annex II). 
Table 4 shows that the number of 1-day events (515 days), overestimates in more than the 100 days the 
corresponding of ERA40, and the mean duration, 2.85 days which is the least one (we have to bear in mind 
that HADCM3 has only 29 winters). HADCM3 simulation has 13 events equal or longer than 15 days, being 
the longest event of 34 days of duration (HADCM3_5), this latter feature reminds of the corresponding CGCM2 
characteristic (see Figure 11 in Annex I.l). 
5.2. 2071-2100 (SRES A2) 
To evaluate the possible impact of emission scenarios upon circulation we have analyzed the Circulation Types 
features of the above mentioned simulations for the perturbed climate over the period (2071-2100) under 
SRES A2 in arder to study more precisely the behaviour in the last part of the century. 
The corresponding CTs composites for CGCM2 (2071-2100) are depicted in Figure 12 anda brief description 
of them can be found in Table e. 
The circulation types exhibit more zonality compared with the control (CGCM2 1961-1990). When analysing the 
relative frequencies of occurrence the range of variation of the frequencies is larger than for 1961-1990, 
oscillating between 21.87% (CGCM2_A2_1) and 7.43% (CGCM2_A2_8) (see Table 5 in Annex II). The mean 
persistence time ranges from 4.81 days (CGCM2_A2_2) and 2.09 days (CGCM2_A2_8) (see Table 6 in Annex II). 
A slight decrease of the mean duration, 3.33 days, versus the 3.61 days of the CGCM2 1961-1990 is noticed. 
Accordingly, a great number of 1-day events and a small percentage of time spent, in the events equal or 
longer than 4 days, it is detected (see Table 7 in Annex II). 
There are 20 events equal or longer than 15 days, being the largest event of 27 days (CGCM2_A2_1) (see 
Figure 15 in Annex 1.2). 
The corresponding CTs composites for ECHAM4 (2071-2100) are depicted in Figure 13 and a brief description 
of them can be found in Table f. 
In the ECHAM4_A2_2071-2100, the range of variation of the relative frequencies of occurrence is smaller than 
in the CGCM2_A2_2071_2100, oscillating between 16.61% (ECHAM4_A2_1) and 7. 92% (ECHAM4_A2_8) (see 
Table 5 in Annex II), this range of variation is smaller than the corresponding to ECHAM4_1961_1990. 
The mean persistence ranges from 1.83 days (ECHAM4_A2_7) to 3.96 days (ECHAM4_A2_2), (see Table 6 in 
Annex II). 
The response of the atmospheric circulation when considering the SRES A2 scenario is also manifested in a 
decrease of the mean duration, 2.75 days, versus the 3.36 days for ECHAM4_1961_1990. Accordingly, a large 
number of 1-day events and a small percentage of time spent, in the events equal or longer than 4 days, 
it is detected (see Table 7 in Annex II). Finally, as far as the behaviour of the longest events is concerned, 
ECHAM4_A2_2071_2100 presents 5 events equal or longer than 15 days, being the longest one of 19 days 
duration (ECHAM4_A2_6) (see Figure 16 in Annex 1.2). 
The corresponding CTs composites for HADCM3 (2071-2099) are depicted in Figure 14 and a brief description 
of them can be found in Table g. 
15 
~--~ 
CLIMATE MODEL VALIDATION IN THE EURO-ATLANTIC DOMAIN USING CIRCULATION TYPES 
CGCM2_A2_1 (794 days) CGCM32_A2_2 (688 days) 
20"E 40"E o• 20'E 
60"N 
WN 40' N 
40'W 20'W 20' E 20'W o• 20'E .... 
CGCM2_A2_3 (465 days) CGCM2_A2_ 4 (429 days) 
CGCM2_5 (351 days) CGCM2_A2_6 (332 days) 
60' N 
40"N 
<O"W 20'W 20'E 
-· 
«>"W 20'W o• to•e .... 
CGCM2_A2_7 (301 days) CGCM2_A2_8 (270 days) 
40'W 20'W .. ,.. 40'f 40"W 20"W o· ,., 4o~e 
.., .. 60"N WN~~ WN 
.... 40"N 40"N 40"N 
ww 20'W o· 20'0 .... 40'W 20"W o• 20'E 40"E 
5160 5280 5400 5520 5640 5760 
Figure 12. Circulation Types for the classification of the CGCM2 500 hPa geopotential height over the period DJFM 
2071-2100. Contour interval 60 mgp. 
CTs (days) 
CGCM2_A2_1 (794) 
CGCM2_A2_2 (688) 
CGCM2_A2_3 (465) 
CGCM2_A2_ 4 (429) 
CGCM2_A2_5 (351} 
CGCM2_A2_6 (332) 
CGCM2_A2_7 (301} 
CGCM2_A2_8 (270) 
Description 
Strong zonal flow. Jet shifted northwards 
Ridge tilted from Bothnian Gulf to Lion Gulf 
Zonal flow over the IP and Med. Sea and anticyclonic flow over western Europe and Scandinavia 
Atlantic ridge southern part of the British Isles, weak trough over western Europe 
Ridge with axis from IP to Scandinavia 
Zonal flow south of France, weak trough between Iceland and Norway 
Anti-cyclonic flow over western and southern Europe 
NW flow over IP, ridge over eastern Europe 
Tablee. Description of the CGCM2 CTs for 2071-2100. In parenthesis the total number of days. 
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Figure 13. Circulation Types for the classification of the ECHAM4 500 hPa geopotential height over the period DJFM 
2071-2100. Contour interval60 mgp. 
CTs (days) 
ECHAM4_A2_1 (598) 
ECHAM4_A2_2 ( 499) 
ECHAM4_A2_3 (528) 
ECHAM4_A2_ 4 (488) 
ECHAM4_A2_5 (459) 
ECHAM4_A2_6 (452) 
ECHAM4_A2_7 (291) 
ECHAM4_A2_8 (285) 
Ridge over southern Denmark 
Atlantic ridge southern Iceland 
Desc:ription 
Strong ridge from IP to southern Scandinavia 
Zonal flow affecting mainly central and southern Europe 
Strong Atlantic ridge western the British Isles 
Tilted ridge from Bothnian Gulf to the Balkans 
Tilted ridge southwestern British Isles and diffluence over Balkans 
Ridge western Europe 
Table f. Description of the ECHAM4 CTs for 2071-2100. In parenthesis the total number of days. 
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Figure 14. Circulation Types for the classification of the HADCM3 500 hPa geopotential height over the period DJFM 
2071-2099, Contour interval 60 mgp, 
CTs (days) 
HADCM3 A2 1 (573) 
HADCM3_A2_2 (464) 
HADCM3_A2_3 (444) 
HADCM3_A2_ 4 (436) 
HADCM3_A2_5 (418) 
HADCM3_A2_6 (439) 
HADCM3_A2_7 (350) 
HADCM3_A2_8 (356) 
Ridge over southern Denmark 
Atlantic ridge southern Iceland 
Description 
Strong ridge from IP to southern Scandinavia 
Zonal flow affecting mainly central and southern Europe 
Strong Atlantic ridge western the British Isles 
Tilted ridge from Bothnian Gulf to the Balkans 
Tilted ridge southwestern British Isles and diffluence over Balkans 
Ridge western Europe 
Table g. Description of the HADCM3 CTs for 2071-2099. In parenthesis the total number of days. 
18 
CIRCULATION TYPES 
The range of variation of the relative frequencies of occurrence of the HADCM3_A2_2071_2099 varies from 
16.46% (HADCM3_A2_1) and 10.06% (HADCM3_A2_7), Table 5 in Annex II. The most frequent CTs are 
related with strong ridges and zonal flows as it was in ERA40. 
The range of the mean persistence varies between the 3.89 days of HADCM3_A2_ 4 and the 2.63 days of 
HADCM3_A2_7 (see Table 6 in Annex II) . The mean duration is 3.40 days which is the largest one in of the 
three simulations considered. 
The number of 1-day events is also the smallest, 308 days, (see Table 7 in Annex II), noticeably smaller than 
the corresponding to HADCM3_1961_1989 (515 days). 15 events equal or longer than 15 days are detected, 
being the longest event of 39 days of duration (HADCM3_A2_71_99_8), associated to a blocking-like ridge, 
a record in the datasets considered in this study, (see Figure 17 in Annex I.2). 
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6. TRENOS IN THE CIRCULATION TYPES FREQUENCY 
6.1. 1961-1990 
The time evolution of the CTs frequency for the period 1961-1990 is shown for ERA40 and for the three model 
simulations in Figures 18-21 in Annex 1.3. The red line represents the linear trend. 
As a general rule, the inter-annual variability of the CT frequency is high, with sorne CTs happening more than 
one third of the days in a winter, whereas other CTs do not happen at all. There is also sorne decadal 
variability. 
For the ERA40 re-analyses (see Figure 18 in Annex 1.3), there is an increase in the frequency of ERA40_7, 
a ridge with axis from the IP to Scandinavia, from the 1970s to the early 1990s in agreement with CASADO 
et al. (2007), using the same re-analysis but with an extended period. There is a slight positive trend in 
ERA40_1 and a negative trend in ERA40_2, which might be statistical significant, connecting with a decrease 
in the frequency of the Euro-Atlantic blockings. Another negative trend is observed in the frequency of 
ERA40_8, related to what it is named by other authors, Greenland anticyclone. 
For the CGCM2 simulation (see Figure 19 in Annex I.3), the most outstanding features concerns the strong 
positive trend in CGCM2_2, the Scandinavian blocking, especially in comparison with the same CT in ERA40 
in which practically no trend or slightly positive trend. Negative trends affecting the frequency of CGCM2_ 4, 
a ridge centred over the British Isles and the CGCM2_1, strong zonal flow, have been also observed. 
For the ECHAM4 simulation (see Figure 20 in Annex I.3), the trends in the frequency seem to be smoother 
than in the other simulations, excepting the positive trend in ECHAM4_5, strong Atlantic ridge asan extension 
of the Azores anticyclone and the negative trend affecting the frequency of ECHAM4_7 and ECHAM4_8 -strong 
ridge centered over the British Isles, in agreement with the CGCM2. 
For the HADCM3 simulation (see Figure 21 in Annex I.3), there is an increase in the frequency of the 
HADCM3_5, a ridge with axis from the IP to Scandinavia as in ERA40. Slight positive trend concerns the 
frequency of the Scandinavian blocking (HADCM3_1) . Negative trend affects the frequency of the HADCM3_2, 
Atlantic ridge linked to an extension of the Azores anticyclone but located westwards with respect to the 
analogous circulation type of ERA40. A weak negative trend is observed in the frequency of HADCM3_3, NW 
flow over the IP. The remaining CTs depict practically no trend. 
6.2. 2071-2100 (SRES A2) 
The time evolution of the CTs frequency for the SRES A2 scenario for the period 2071-2100 and for the three 
future climate simulations is shown in Figures 22-24 in Annex 1.4. The red line represents the linear trend . 
For the CGCM2 SRES A2 simulation (see Figure 22 in Annex 1.4), the most noticeable feature is the positive 
trend in the frequency of the CGCM2_A2_7, a ridge with axis from Denmark to northwest Africa and a slight 
positive trend in the frequency of the CGCM2_A2_1, strong zonal flow. There is a strong negative trend 
observed in the frequency of the CGCM2_A2_8, NW flow affecting central and southern Europe. 
For the ECHAM4 SRES A2 simulation (see Figure 23 in Annex 1.4), the trends in the frequency seem to be 
smoother than in the other simulations, excepting the negative trends which concern the frequency of the 
ECHAM4_A2_2, Atlantic ridge southern Iceland, and the frequency of ECHAM4_A2_6, a tilted ridge from 
Bothnian Gulf to the Balkans. A weak positive positive trend is observed in the frequency of ECHAM4_A2_7, 
tilted ridge over the southwest of the British 1sles and diffluence over Balkans and the frequency of 
ECHAM4_A2_1, a ridge over southern Denmark. 
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For the HADCM3 SRES A2 simulation (see Figure 24 in Annex 1.4), the trends in the frequency of the CTs 
are quite similar to the ECHAM4 SRES A2. There is a positive increase in the frequency of the HADCM3_A2_3, 
a ridge with axis from the IP to Scandinavia. Slight positive trend concerns the frequency of the zonal flow 
affecting mainly central and southern Europe, HADCM3_A2_ 4. Negative trend is observed mainly in the 
frequency of HADCM3_A2_2, Atlantic ridge over southern Iceland. The remaining CTs depict scarcely no trend. 
By way of summary, the inter-annual variation of the CT frequency is rather high, as it is for the 1961-1990 
period. The results seem to be model-dependent, although there is agreement in the positive trend which 
affects the frequency of a ridge with axis from the IP to Scandinavia and to a lesser extent to sorne zonal-
like flow. 
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7. TRANSITIONS BETWEEI'J CIRCULATION TYPES 
7.1. 1961-1990 
The development of a transition may be a process purely interna! to the atmospheric dynamics connected to 
phase changes of intra-seasonal atmospheric waves as suggested by SÁNCHEZ GóMEZ and TERRAY (2005). JAMES 
(2007) has recently pointed out that if any particular Grosswetterlagen is followed by a small number of specific 
types, a meas u re of medium-range predictability could be obtained . At present CTs are quite well known but 
understanding the processes associated with transitions between them, which are perhaps the most significant 
feature, is another matter entirely. 
In this study, we have used the transitions as a tool to detect any particular and subtle differences between the 
CTs of the study. 
The transitions between a specific CT and any of the other CTs are described for ERA40 and the three model 
simulations over the period 1961-1990 in Tables 8-11, in Annex II. The transitions are expressed (in percentage) 
as the ratio between the number of changes from a CT to another one to the total number of changes from that 
CT (re-entries into the same CT are excluded). 
For the ERA40 re-analyses the transition matrix of ERA40 (see Table 8 in Annex II), 7 transitions are unlikely. 
These are mainly located in the diagonals adjacent to the main diagonal. Among these unlikely transitions, we 
outline the Euro-Atlantic blocking to zonal flow, Scandinavian blocking toan Atlantic ridge asan extension of the 
Azores anticyclone. For the remaining possible transitions (49) the most probable (30%) occur from the 
Scandinavian blocking (ERA40_3) toa ridge ti lted from the South-East Atlantic to Central Europe (ERA40_5) and 
from a ridge with axis from the IP to Scandinavia (ERA40_7), which is linked to the positive phase of NAO, to the 
zonal flow (ERA40_1) or from the Atlantic ridge asan extension of the Azores anticyclone (ERA40_ 4) to ERA40_1. 
For the CGCM2 simulation, the matrix of transitions (see Table 9 in Annex II) illustrates that 6 out of 56 possible 
transitions do not take place. They are located, as in ERA40, in the lines parallel to the main diagonal (for 
instance, Scandinavian blocking to strong zonal flow). The transitions most frequent are larger than those found 
for ERA40. The most probable transitions (32%) occur from a ridge ti lted from the south-east Atlantic to Europe 
(CGCM2_7) to strong zonal flow (CGCM2_1) and from a ridge centred over the British Isles (CGCM2_ 4) toa ridge 
tilted from Canary Islands to Denmark (CGCM2_5). 
For the ECHAM4 simulation, the matrix of transitions (see Table 10 in Annex II) reveals as in ERA40 and CGCM2 
that 7 out of 56 possible transitions are unlikely. As said previously, these unlikely transitions tend to be located 
in the lines parallel to the main diagonal (for instance, strong Atlantic ridge as an extension of the Azores 
anticyclone to a ridge over central and eastern Europe; strong zonal flow south of the British Isles to a ridge 
tilted from the south-east Atlantic to Bothnian Gulf, connected to Scandinavian blocking). The most probable 
transition (31 %) occurs from a ridge tilted from the south-east Atlantic to Bothnian Gulf (ECHAM4_3) toa strong 
Atlantic ridge centred southern British Isles (ECHAM4_1). 
For the HADCM3 simulation, the matrix of transitions (see Table 11 in Annex II), contrarily to ERA40 and the 
other two model simulations, shows that the 56 possible transitions are likely. The less frequent transition 
(0.65%) takes place between a ridge with axis from the IP to Scandinavia (HADCM3_5) toa Atlantic ridge with 
axis west-southwest of Iceland. The most frequent transitions have a lesser frequency that in ERA40 and the 
simulations. The most probable transition (24%) occurs from a ridge with axis from IP to Scandinavia (HADCM3_5) 
to zonal flow (HADCM3_3) . 
7.2. 2071-2100 {SRES A2) 
To understand global warming and its implication for climate in general, we need to understand the dynamics 
of atmospheric regimes and regime change (PALMER 1999). 
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The transitions between a specific CT and the other CTs are described for future climate simulations in Tables 
12-14 in Annex II. As a general rule, it seems that there is a notorious increase in the frequency of some 
transitions comparing with the corresponding to the 1961-1990 period, and it is apparent that the number 
of unlikely transitions has diminished. 
For the CGCM2 simulation, the transition matrix (see Table 12 in Annex II), there are 4 unlikely transitions 
of the possible 56. The most probable transitions (42%) occur from a ridge with axis from the IP to 
Scandinavia (CGCM2_A2_5) to strong zonal flow (CGCM2_A2_1). 
For the ECHAM4 simulation, the transition matrix (see Table 13 in Annex II), only 4 out of the possible 
transitions are unlikely. The most probable transitions ( 41%) occur from Atlantic ridge southern Iceland 
(ECHAI'14_A2_2) to a strong ridge from IP to southern Scandinavia (ECHAM4_A2_3) and from a ridge over 
southern Denmark (ECHAM4_A2_1) to zonal flow affecting mainly central and southern Europe (ECHAM4_A2_ 4). 
For the HADCM3 simulation, the transition matrix (see Table 14 in Annex II), only 4 out of the possible 
transitions are unlikely. The most probable transitions (38%) occur between a ridge over the North-Sea, a kind 
of blocking (HADCM3_A2_8) to a strong ridge from the IP to Scandinavia (HADCM3_A2_3). 
' 
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8. CONCLUSIONS 
The Euro-Atlantic atmospheric circulation types resulting from an objective classification using the ERA40 re-
analysis and three climate model simulations (CGCM2, ECHAM4 and HADCM3) have been examined for the 
extended winter period. The resulting circulation types have been applied: 1) to validate continental-sea le 
circulation in control runs against re-analyses, and 2) to estímate changes in continental-scale circulation 
under SRES A2 scenario projections. 
The classification algorithm is based on a T-mode PCA followed by a varimax rotation of the four leading PCs. 
This classification shows most of the mainly features presented in previous studies. 
8.1. 1961-1990 
As a general rule, in the period 1961-1990, the ECHAM4 circulation types have the biggest geopotential 
gradient compared with ERA40 and with the CGCM2 circulation types respectively. For instance, although the 
Euro-Atlantic blocking with centre over the British Isles is absent, there is a type which can be treated as a 
blocking-ridge. The HADCM3 circulation types share many characteristics in common with ERA40. 
The behaviour of the relative frequencies of the CTs is rather similar in ERA40 and the three model simulations 
considered. In ERA40, the most frequent CT is the zonal flow (15%) while the less frequent CTs are the ridges 
over the Atlantic at different latitudes. In the CGCM2, more differences are detected among the types (19% 
vs 8%), being the less frequent CT linked to tilted ridges (NE-SW) approaching Iberia. In the ECHAM4, the 
range of variation is smaller than for CGCM2 (15% vs 10%), being the higher frequencies linked to strong 
ridges in the Atlantic, south or west of the British Isles. In the HADCM3 (15% vs 10%), the less frequent 
CT is linked to tilted ridges near Iberia and the most frequent is related with the zonal flow. 
There is a clear positive trend in the frequency of sorne types of ridges, like the ridge with axis from the IP 
to Scandinavia and also in the zonal flow for ERA40 whereas negative trends are observed in the Euro-Atlantic 
blocking. 
Concerning the persistence, CGCM2 simulation is the most persistent (3.61 days) whereas HADCM3 is the less 
persistent (2.85 days) and presenta large number of 1-day events, more than 100 days comparing with ERA40. 
Preferred paths for transition between specific CTs have been found. Only all the transitions are available for 
HADCM3. One of the most likely transitions for ERA40 takes place between the ridge with axis from the IP 
to Scandinavia to zonal flow. The Atlantic ridges tend to be followed by the positive phase of NAO or lead 
to sorne sort of blocking or zonal flow. 
8.2. 2071-2100 {SRES A2) 
As a general rule, there is a reduction in the number of troughs both in western and eastern Europe, and 
in the number of ridges over Great Britain and a frequent shift of the jet-stream northwards of its normal 
position. Another important feature is the reduction of the intensity of ridges over Great Britain and of the 
troughs over the northwest European coast (HuTH, 2000). The CGCM2 exhibits stronger zonal features compared 
with its control simulation. HADCM3 shows an enhancement of the Atlantic ridge southern Iceland and of the 
ridge over the North Sea. 
The behaviour of the relative frequencies of the CTs are similar. In the CGCM2, the range of variation among 
the relative frequencies is larger than in control simulation contrarily to ECHAM4 simulation. As it was 
happened in ERA40 and in the control simulations, the most frequent CTs are related with stronger ridges and 
zonal flow. 
The inter-annual variation of the CTs frequency is rather high as it was in ERA40 and the respective control 
simulations. There is a clear positive trend in the frequency of sorne types of ridges, like the ridge with axis 
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from the IP to Scandinavia and also in the zonal flow. Negative trend is observed in the frequency of the NW 
flow over central and southern Europe (CGCM2) and the frequency of an Atlantic ridge over southern Iceland. 
The response of the atmospheric circulation is manifested in a decrease of the mean duration, for CGCM2 and 
ECHAM4, especially notorious in this latter one. Accordingly, a great number of 1-day events and a small 
percentage of time spent in the events lasting four days or more is detected. On the contrary, HADCM3 
exhibits a considerable increase, more considerable dueto the less number of winters taken into consideration. 
Excepting the ECHAM4 SRES A2 simulation, the mean duration is higher than in ERA40. HADCM3 exhibits the 
longest event, with a duration of 39 days, (HADCM3_A2_8), linked to an omega-like configuration. 
The transitions in the SRES A2 present an extraordinary increase with respect to the 1961-1990 period, 
especially the evolution from a ridge with axis from IP to Scandinavia to strong zonal flow. These features 
will deserve a more detailed analysis. 
This study propases the circulation classification method as a useful tool to analyse and validate the climate 
response of GCMs. Comparisons are particularly focused on (i) shapes of the mean type patterns, (ii) the 
frequency and persistence of the types and iii) transitions between CTs. 
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ANNEXES 
I. Figures 
I.1. Distribution of events: 1961-1990 
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Figure 8. Number of events in each circulation type as a function of the duration in days for ERA40 over the period DJFM 
1961-1990. 
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Figure 9. Number events in each circulation type as a function of the duration in days for CGCM2 over the period DJFM 
1961-1990. 
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!.2. Distribution of events: 2071-2100 (SRES A2) 
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Figure 15. Number of events in each circulation type as a function of the duration in days for CGCM2 o ver the period DJFM 
2071-2100. 
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DJFM 2071-2100. 
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Figure 17. Number of events in each circulation type as a function of the duration in days for HADCM3 over the period 
DJFM 2071-2099. 
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1.3. Trends in the Circulation Types frequency: 1961-1990 
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Figure 18. Number of days classified for each circulation type per winter for ERA40. The red line corresponds to a linear 
trend . 
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Figure 19. Number of days classified for each circulation type per winter for CGCM2 over the period 1961-1990. The red 
line corresponds toa linear trend . 
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line corresponds to a linear trend. 
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Figure 21. Number of days classified for each circulation type per winter for HADCM3 o ver the period 1961-1989. The red 
line corresponds to a linear trend. 
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1.4. Trends in the Circulation Types frequency: 2071-2100 (SRES A2) 
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Figure 22. Number of days classified for each circulation type per winter for CGCM2 over the period 2071-2100. The red 
line corresponds to a linear trend. 
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Figure 23. Number of days classified for each circulation type per winter for ECHAM4 over the period 2071-2100. The red 
line corresponds to a linear trend. 
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Figure 24. Number of days classified for each circulation type per winter for HADCM3 over the period 2071-2099. The red 
line corresponds to a linear trend. 
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II. Tables 
i:RA40 CGéM2 . ECHAM.4 .· fi,ADCM3 
ERA40_1 15.29 CGCM2_1 19.37 ECHAM4_1 15.42 HADCM3_1 14.25 
ERA40_2 11.73 CGCM2_ 2 17.99 ECHAM4_2 10.50 HADCM3_2 11 .75 
ERA40_3 14.13 CGCM2_3 12.95 ECHAM4_3 12.64 HADCM3_3 10.92 
ERA40_4 13.30 CGCM2_4 11.32 ECHAM4_ 4 10.94 HADCM3_4 12 .13 
ERA40_5 11 .29 CGCM2_5 9.59 ECHAM4_5 14.42 HADCM3_5 13.07 
ERA40_6 11 .13 CGCM2_6 11.18 ECHAM4_6 15.33 HADCM3_6 12 .07 
ERA40_7 11.90 CGCM2_7 8.29 ECHAM4_7 10.28 HADCM3_7 9.89 
ERA40 8 11.21 CGCM2_8 9.31 ECHAM4_8 10.47 HADCM3 8 15 .92 
Table 2. Relative frequency of occurrence {%) of the different circulation types over the 
period DJFM 1961-1990. 
ERA40 
.. 
CGC:Mi ECHAM4 HADtf.t3 
ERA40_1 3.56 CGCM2_1 4.59 ECHAM4_1 3.47 HADCM3_1 2.99 
ERA40_2 2.98 CGCM2_2 5.14 ECHAM4_2 3. 71 HADCM3_2 2.74 
ERA40_3 3.47 CGCM2_3 3.92 ECHAM4_3 2.94 HADCM3_3 2.52 
ERA40_4 2.96 CGCM2 4 3.09 ECHAM4_ 4 3.52 HADCM3_4 2.78 
ERA40_5 2.44 CGCM2_5 2.85 ECHAM4_5 3.28 HADCM3_5 2.92 
ERA40_6 3.88 CGCM2_6 2.88 ECHAM4_6 4.00 HADCM3_6 3.00 
ERA40_7 3.18 CGCM2_7 2.37 ECHAM4_7 3.11 HADCM3_7 2.51 
ERA40_8 3.16 CGCM2_8 4.12 ECHAM4_8 2.92 HADCM3_8 3.30 
Table 3 . Mean persistence {days) over the period DJFM 1961-1990. 
.. 
CGCM2 ECHAM4 HADCM3 
CGCM2_A2_1 21.87 ECHAM4_A2_1 16.61 HADCM3_A2_1 16.46 
CGCM2_A2_2 18.95 ECHAM4_A2_2 13.86 HADCM3_A2_2 13.33 
CGCM2_A2_3 12.81 ECHAM4_A2_3 14.67 HADCM3_A2_3 12.76 
CGCM2_A2_4 11.82 ECHAM4_A2_ 4 13.56 HADCM3_A2_ 4 12.53 
CGCM2_A2_5 9.67 ECHAM4_A2_5 12.75 HADCM3_A2_5 12.01 
CGCM2_A2_6 9.15 ECHAM4_A2_6 12.56 HADCM3 A2 6 12.61 
CGCM2_A2_7 8.29 ECHAM4_A2_7 8.08 HADCM3_A2_7 10.06 
CGCM2_A2_8 7.43 ECHAM4_A2_8 7.92 HADCM3_A2 8 10.23 
Table S. Relative frequency of occurrence {%) of the different circulation types o ver the 
period DJFM 2071-2100. 
t;GCM2 ECHAM4 HADéM3 
CGCM2_A2_1 4.67 ECHAM4_A2_1 2.98 HADCM3_A2_1 3.79 
CGCM2_A2_2 4.81 ECHAM4_A2_2 3.96 HADCM3_A2_2 3.87 
CGCM2_A2_3 3.23 ECHAM4_A2_3 2.67 HADCM3_A2_3 3.08 
CGCM2_A2_ 4 2.90 ECHAM4_A2_4 2.60 HADCM3_A2_4 3.89 
CGCM2_A2_5 2.51 ECHAM4_A2_5 2.48 HADCM3_A2_5 3.10 
CGCM2_A2_6 3.46 ECHAM4_A2_6 3.40 HADCM3_A2_6 3.72 
CGCM2_A2_7 2.53 ECHAM4_A2_7 1.83 HADCM3_A2_7 2.63 
CGCM2 A2 8 2.09 ECHAM4_A2_8 2.57 HADCM3 A2 8 3.24 
Table 6. Mean persistence {days) over the period 2071-2100. 
l=romfTÓ ... eRA.4o. i ERA40~2 ERA40 :3 ERA40 . 4 ERA40 5 
ERA40_1 0.65 19.23 18.57 16.67 
ERA40_2 0.0 16.20 21.83 18.31 
ERA40_3 18.25 15.54 0.0 30.41 
ERA40_ 4 16.67 18.52 0.0 16.05 
ERA40_5 16.77 19.76 16.17 19.76 
ERA40_6 26.22 9.71 22.33 17.48 0.0 
ERA40_7 27.95 8.83 19.86 24.27 13.24 
ERA40 8 7.04 25.79 14 .07 14.07 20.32 
ERA411 CGCM2 ECHAM4 H~DCMl 
M 3.16 3.61 3.36 2.85 
~4 62.34 68.43 64.89 58.22 
1 399 275 306 515 
Table 4. Characteristics of duration of 
events: mean duration in days {M), per-
centage of time spent in the events lasting 
4 days or more and the number of 1-day 
events over the period DJFM 1961-1990. 
M 
~4 
1 
C~CM2 ECHAM4 HADCM3 
3.33 
61.68 
332 
2.75 
55.11 
462 
3.40 
65.55 
308 
Table 7. Characteristics of duration of 
events: mean duration in days (M), percent-
age of time spent in the events lasting 4 
days or more and the number of 1-day events 
over the period DJFM 2071-2100. 
ERA4Ó 6 ERA41!:j ERA40 .S 
8.98 13.47 22.44 
16.91 17.61 9.16 
10.81 9.46 15.54 
10.50 25 .93 12.35 
0.0 11.98 15.57 
13.60 10.68 
5.89 0.0 
18.75 0.0 
Table 8. Frequency of the transitions from a circulation type (rows) toa different circulation type (columns) (in%) 
for the ERA40 classification over the period DJFM 1961-1990. 
40 
ron'i/To 
CGCM2_1 
CGCM2_2 
CGCM2_3 
CGCM2_ 4 
CGCM2_5 
CGCM2_6 
CGCM2_7 
CGCM2_8 
cG e rú.:_i 
0.0 
16.67 
24.25 
27.87 
13.58 
31.75 
9.76 
CGCM2 2 ... .. CGéM2 3· 
1.31 15.04 
26.05 
18.34 
8.34 0.0 
15.58 14.76 
23.58 16.4 3 
7.94 8.73 
26.83 17.08 
CGCM2 4 
28.11 
18.49 
0.0 
13.12 
15.00 
19.05 
7.32 
CGCM2_5 
17.65 
10.93 
10.84 
31.06 
0.0 
15.88 
9.76 
CGCM2.,;6 
20 .27 
15.13 
25.00 
10.61 
1.64 
16.67 
29.27 
_tGCM2 '7 
7.85 
20.17 
13.34 
15.91 
26.23 
15.00 
0.00 
ANNEXES 
9.81 
9.25 
15.84 
9.85 
0.82 
16.43 
0.0 
Table 9. Frequency of the transitions from a circulation type (rows) to a different circulation type (columns) (in %) for the CGCM2 
classification over the period DJFM 1961-1990. 
fl'om/To 
ECHAM4_1 
ECHAM4_2 
ECHAM4_3 
ECHAM4_ 4 
ECHAM4_5 
ECHAM4_6 
ECHAM4_7 
ECHAM4_8 
ECHAM4 1 
0.0 
30.52 
7.28 
17.84 
23.19 
11.02 
24.81 
_ECHAM'(J 2 
0.0 
11.69 
9.09 
15.29 
13.05 
19.50 
5.43 
i!CHAM4 . 3 
8.75 
20.00 
0.0 
26 .76 
18.12 
13.56 
28.69 
E;CHAM4_ 4 
16.88 
16.00 
0.0 
8.92 
18.12 
12.72 
10.08 
ECHAM4 S 
30.00 
21.00 
17.54 
20.00 
0.73 
21.19 
10.08 
ECHA"'4 6 
12.50 
13.00 
12 .34 
30.00 
0.0 
22.04 
20.93 
ECI:IAM4 7 
11.88 
14.00 
8.45 
17.28 
12.74 
23.92 
0.0 
ECHAM4 8 
20.00 
16.00 
19.48 
16.37 
18.48 
2.90 
0.0 
Table 10. Frequency of the transitions from a circulation type (rows) to a different circulation type (columns) (in %) for the ECHAM4 
classification over the period DJFM 1961-1990. 
'From/To HADCM3 1 
HADCM3_1 
HADCM3_2 
HADCM3_3 
HADCM3_ 4 
HADCM3_5 
HADCM3_6 
HADCM3_7 
HADCM3 8 
8.28 
15.24 
14.00 
17.95 
15.95 
14.60 
21.82 
HADCM3 2 
5.53 
14.57 
17.34 
18.59 
15.95 
16.79 
8.49 
HADCM3 . 3 
12.89 
13.11 
6.00 
23.72 
13.05 
15.33 
15.76 
HADCM3 4 
15.95 
15.18 
4.64 
14.11 
11.60 
21.17 
16.97 
HADCM3 S 
16.57 
15.18 
18.55 
21.34 
1.45 
15.33 
14.55 
HADCM3 6 
14.73 
16.56 
18.55 
9.34 
0.65 
12.41 
18.79 
HADCM3 7 
19.64 
14.49 
11.92 
13.34 
8.34 
19.57 
3.64 
HAPCM3 8 
14.73 
17.25 
16.56 
18.67 
16.67 
22.47 
4.38 
Table 11. Frequency of the transitions from a circulation type (rows) to a different circulation type (columns) (in % ) for the HADCM3 
classification over the period DJFM 1961-1989. 
From/To 
CGCM2_1 
CGCM2_2 
CGCM2_3 
CGCM2_4 
CGCM2_5 
CGCM2_6 
CGCM2_7 
CGCM2_8 
.CG<;M2_1 
0.0 
29.17 
17.57 
41.73 
8.34 
14.41 
14.73 
CGCMÍ 2 
1.18 
13.89 
20.27 
10.80 
21.88 
23.73 
20.16 
CGCM2_3 
12.95 
19.58 
0.0 
13.67 
12.50 
11.02 
38 .76 
CGCM2 4 
27.65 
19.58 
1.39 
12.23 
21.88 
22.89 
4.66 
CGCM2 S 
15.89 
16.09 
11.12 
25.00 
0.0 
17.80 
12.41 
CGCM2 6 ·· 
12.95 
19.58 
11.12 
4.06 
0.72 
9.33 
9.31 
CGCM2 7 
10.00 
13.99 
29.87 
5.41 
7.20 
20.84 
0.0 
19.42 
11.19 
3.48 
27.71 
13.67 
14.59 
0.85 
Table 12. Frequency of the transitions from a circulation type (rows) to a different circulation type (columns) (in %) for the CGCM2 
classification over the period DJFM 2071-2100. 
from/To ECtiAM4_1 
ECHAM4_1 
ECHAM4_2 0.74 
ECHAM4_3 24.37 
ECHAM4_ 4 19.68 
ECHAM4_5 21.63 
ECHAM4_6 19.85 
ECHAM4_7 18.24 
ECHAM4_8 17.12 
ECHAM4_2 
1.00 
11.17 
21.28 
15.14 
10.69 
13.21 
8.11 
EtHAM4_3 
8.50 
41.18 
1.07 
30.81 
8.40 
25.79 
11.72 
ECHAM4_4 
41.00 
2.95 
0.0 
13.52 
20.61 
6.29 
35.14 
ECHAM4_;5 
26.50 
12.50 
9.65 
20.22 
0.0 
34.60 
2.71 
ECHAM4 6 
7.00 
12.50 
27.42 
7.45 
1.09 
1.89 
25.23 
6.50 
21.33 
23.86 
10.64 
6.49 
29.01 
0.0 
.ECHAM4_8 
9.50 
8.83 
3.50 
19.68 
11.36 
11.45 
0.0 
Table 13. Frequency of the transitions from a circulation type (rows) to a different circulation type (columns) (in %) for the ECHAM4 
classification over the period DJFM 2071-2100. 
fromfTo .. HADCJ143_1 HAD~M3_2 HADCM3~3 HADCM3~4 HAP~M3 !? HADCM3 .6 HADCM3_7 HADCM3 8 
HADCM3_1 0.0 11.26 20.53 17.88 13.91 28.48 7.95 
HADCM3_2 1.74 23.48 18.26 23.48 9.57 13.05 10.44 
HADCM3_3 19.86 9.22 0.0 28.37 9.93 14.19 18.44 
HADCM3_4 11.01 12.85 0.0 13.77 28.44 19.27 14.68 
HADCM3_5 27.41 20.00 7.41 13.34 0.74 9.63 21.49 
HADCM3_6 16.67 17.55 24.57 14.04 0.88 17.55 8.78 
HADCM3_7 21.22 25.76 12.88 10.61 13.64 14.40 1.52 
HADCM3 8 23.37 6.55 38.32 8.42 6.55 16.83 0.0 
Table 14. Frequency of the transitions from a circulation type (rows) to a different circulation type (columns) (in %) for the HADCM3 
classification over the period DJFM 2071-2099 . 
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